ABSTRACT. SEPALLATA (SEP) MADS-box genes play crucial roles in the regulation of floral growth and development. They are required for the specification of sepals, petals, stamens, and carpels as well as for floral determinacy. SEPs perform their functions through the formation of homoor hetero-polymers, which are the molecular basis of floral quartets. In vitro assays indicated that SEP3 forms a tetramer after binding to DNA, but it is unclear whether DNA binding induces the tetramer, because SEP3 is often reported to form a dimer. Here, we analyzed the oligomeric status of SEP3 domains in the absence of the DNA-binding MADS-box domain. The truncated SEP3 was constructed as a fusion protein and expressed in prokaryotic cells. The purified protein fragment displayed as a tetramer in the size exclusion chromatographic column, and a glutaraldehyde cross-linking assay demonstrated that the protein contained a dimer unit. Yeast two-hybrid tests further verified that the fragments form homologous polymers in vivo, and that the K domain is involved in tetramer formation. Current results imply that the SEP3 protein regulates the formation of flower meristems using the tetramer as a unit, and that the DNA-binding MADS-box is dispensable for polymer formation. The C-terminal region does not contribute to homo-tetramer formation, but it may be reserved to glue other proteins.
INTRODUCTION
The MADS-box gene family plays crucial roles in plant development and flowering formation (Agrawal et al., 2005) . To specify the floral organ identity, the five MADS-box gene classes interact in a combinational way to compose the well-known "floral quartet model". In this model, the E class MADS-box SEPALLATA3 (SEP3) is indispensable, and it plays central roles (Coen and Meyerowitz, 1991; Krizek and Meyerowitz, 1996) . For instance, it interacts with other class E genes and APETALA1 (AP1) to specify sepals, with AP1 and AP3-PISTILLATA (PI) to specify petals, with the AP3-PI-AGAMOUS (AG) complex to specify stamens, and with AG to specify carpels (Pelaz et al., 2000; Pelaz et al., 2001; Kaufmann et al., 2009) . Chromatin immunoprecipitation and whole-genome hybridization arrays have shown that thousands of SEP3 binding sites lie in the floral organs, and that SEP3 integrates with these target MADS-box genes to control flower development (Kaufmann et al., 2009; Hwan Lee et al., 2012; Liu et al., 2014) . In vitro DNA hybrid tests have shown that mammalian MADS-box transcription factors bind specific DNA elements in the promoter region, which are known as CC-A rich-GG (CArG-box). For example, the serum response factor (SRF) and myocyte enhancer factor 2A (MEF2A) MADS-box genes can bind the sequence CC(A/T)6GG (West et al., 1997; West et al., 1998) . Similar to SRF and MEF2A, plant MADS-box transcription factors can also bind CArGbox-like sequences, and the binding region is mainly composed of the N-terminal MADS (M) domain (West et al., 1998) . As a typical MADS-box protein, SEP3 contains M, intervening (I), keratin-like (K), and C-terminus (C) structural domains. Recent in vitro studies indicated that SEP3 proteins could bind to two CArG-boxes (Melzer et al., 2009; Jetha et al., 2014) , suggesting a tetrameric construction of SEP3. However, it is unclear whether the tetrameric SEP3 is induced by DNA binding or if it is a homo-tetramer, because the ability of SEP3 to form dimers has been previously reported (Huang et al., 1996; Mendes et al., 2013) . Additionally, indirect evidence suggests that SEP3 is a tetramer or a dimer when forming a homocomplex. A recently determined crystal structure of an SEP3 fragment (75-178 aa) revealed the mechanism of SEP3 tetramerization (Puranik et al., 2014) . However, the purified protein fragment contained both dimer and tetramer components. Therefore, it is necessary to clarify if SEP3 forms homo-dimers or homo-tetramers, and the role of DNA binding in polymer formation must also be determined. Here we analyzed the oligomeric status for SEP3 domains without DNA binding regions. The proteins were expressed in prokaryotic cells, and were analyzed using a size exclusion chromatographic column. The results indicated that SEP3 forms tetramers, and that DNA binding is not required for SEP3 polymer formation. Our data also suggested that the K region plays a major role in mediating SEP3 self-association, and that the C-terminus may be reserved for gluing other MADS-box proteins.
MATERIAL AND METHODS

Material
We used the plant Columbia Arabidopsis thaliana as our research subject. A yeast two-hybrid (Y2H) kit was purchased from Clontech (Beijing), and Trans1-T1 competent cells were obtained from Trans Gen Biotech (China). The PCR product purification kit was purchased from TaKaRa (China), and the plasmid extraction kit was acquired from Sangon (China). pET protein expression vectors were purchased from Novagen (Germany), and the remaining chemical reagents were domestic.
Construction of SEP3 domain expression plasmids
Total RNA was isolated from wild-type blossom buds using the TRIZOL reagent (China), and it was then reverse transcribed into cDNA. The open reading frame encoding SEP3 was amplified via PCR with the following upstream and downstream primer sequences: 5'-CATGTGCCATGG GAAGAGGGAGAGTAGAATTGA-3' and 5'-CGCGGATCCTTAAGTGAGAAAGATTCAAAT-3'. PCR was performed with a denaturation step at 94°C for 3 min, followed by 30 cycles of 94°C for 30 s, 56°C for 30 s, 72°C for 30 s, and an extension at 72°C for 6 min. The PCR product was T-A linked to a pMD-19 vector (TakaRa) to serve as a template. SEP3B (78-230 aa) and SEP3C (78-190 aa) were obtained by cloning the PCR products into the pET15b vector between the Nco1 and BamH1 restriction sites. The reverse primers for SEP3C and SEP3B were GGATCCTCAGTGATGATGATG ATGATGTTGGTTAGGGTTCAGCTGGA-3' and ATCCTCAGTGATGATGATGATGATGCATTCCAT CTTGTTGCCCCT-3', respectively. They both contained a non-cleavable 6XHis-tag before the stop codon. All constructs were transformed into the DH5α strain, and the plasmids were extracted and confirmed via DNA sequencing.
Over-expression and purification of His-tagged SEP3 domain proteins
The recombinant plasmids were transferred to BL21 (DE3) Rosetta cells for over-expression analysis. To screen for optimal temperatures, 3 mL cell cultures were induced at 20° and 37°C. To scale up the expression system, 10 mL of freshly grown overnight cell cultures were used to inoculate 1 L LB medium, which was induced by adding 0.1 mM IPTG at 20°C for 15 h. The harvested cell pellets were resuspended in 10 mL lysis buffer (0.5 M NaCl, 20 mM Tris-HCl, pH 8.0) on ice, and were lysed via ultrasonication for 10 min with an 8 s pulse or 10 s interval. Each sample was centrifuged for 40 min at a speed of 36,500 g. The supernatant was incubated with 5 mL nickel beads on ice with slow rocking for 1 h. To remove non-specific binding proteins, the beads were washed with a gradient concentration of imidazole (4/20/80 mM) in buffer containing 200 mM NaCl, 20 mM Tris-HCl, pH 8.0. The target proteins were then eluted with 40 mL 200 mM imidazole in 200 mM NaCl and 20 mM TrisHCl, pH 8.0. The proteins were concentrated to 500 μL using an Amicon ultracentrifuge at 4°C, and were then loaded onto the gel filtration column (Superpose 6) for final cleanup. The protein purity was checked by SDS-PAGE, and was quantified based on its optical absorbance coefficient at 280 nm.
Glutaraldehyde cross-linking
In order to determine the homologous interactions within or between the different subunits, we performed a cross-linking reaction using glutaraldehyde, which is capable of cross-linking surface amine groups. His-tag proteins SEP3B and SEP3C were reacted with glutaraldehyde at a molar concentration ratio of 1:10 at 20°C. Resulting 10 μL samples were taken at different time points, and an equal volume of Tris-HCl buffer (100 mM, pH 8.0) was added to terminate the reaction. The samples were separated by SDS-PAGE, and were detected using the silver staining method.
Y2H assays
Y2H assays were used to determine which SEP3 domain plays the key role in polymer formation. The experiment was designed according to the Matchmaker GAL4 Two-Hybrid System (Clontech). Five SEP3 domains were PCR amplified with primers containing two restriction enzyme loci: EcoR1 and BamH1. After cleavage and purification, the inserts were ligated to a pGADT7AD vector containing the GAL4 activation domain (AD) or a pGBKT7 vector containing the DNA binding domain (BD). The prey recombinant plasmids (AD) were transferred into AH109 cells (Clontech), and bait vectors (BD) were transferred into Y187 cells (Clontech). AD and BD cells were incubated at 30ºC on SD/-Leu selective medium and SD/-Trp plates, respectively. AD cells were mixed with BD cells and hybridized overnight. Selection of the hybrid clones was performed on SD/-Leu/-Trp plates, and protein interactions were detected on SD/-Leu/-Trp/-His/-Ade with X-α-Gal plates.
RESULTS AND DISCUSSION
Protein expression and purification analysis
The desired nucleotides of the full length SEP3 and the deletion construct SEP3C were verified by sequencing. The domain arrangement is shown in Figure 1A , and induction of the recombinant domain protein in E. coli was found to be more efficient at 20°C than at 37°C. Although the target protein expression levels remained roughly the same, the soluble fraction tended to decrease at the higher temperature ( Figure 1B) . Therefore, the induction was performed at 20°C. The full-length protein was not soluble under the tested conditions, and purification of the soluble recombinant protein was conducted through Ni-NTA affinity chromatography.
As shown in the SDS-PAGE results ( Figure 1B ), the SEP3C protein was eluted with a buffer containing 200 mM imidazole, and the eluted protein was over 90% pure. Moreover, SEP3C migrated slightly faster than the 15 kDa protein marker ( Figure 1B) , which was consistent with the estimated molecular weight of 13 kDa. The protein expression yield was high, and we constantly obtained over 4 mg of pure protein from per liter of cell culture. The apparent protein size in solution was determined by size exclusion chromatography, which was calibrated by ovalbumin (43 kDa) and BSA (67 and 133 kDa) markers. As shown in Figure 2 , SEP3C migrated with an apparent size of ~50 kDa, demonstrating that the SEP3C domain is tetrameric in solution. Expression of the longer C-terminus construct, SEP3B, was previously reported (Zhou Jiaping, 2014) , and it was also found to be tetrameric under similar conditions.
Cross-linking analysis
To confirm the oligomeric status, a glutaraldehyde cross-linking experiment was performed. As shown in Figure 3 , dimer bands appeared after the 20 min incubation, and became denser with time. This was true for both SEP3B and SEP3C proteins. Although tetrameric bands were not observed, the results do not definitively indicate that the proteins are not tetrameric. Instead, the results suggest that the dimer part of the tetrameric protein is readily cross-linked. It may be true that the distribution of the amine groups on the three dimensional structure restricts the crosslinking of the tetramers. 
Y2H analysis
Y2H experiments were performed to verify if the protein domains interacted in vivo and to determine which domain is vital to the interaction. The domain design is shown in Figure 4A . The KC motif construct showed strong auto-activation, so it was removed from the bait list. As expected, the positive and negative controls appeared as blue and white clones, respectively ( Figure 4B ). The presence of a blue spot verified that the full-length SEP3 formed a homocomplex ( Figure 4B ), which is consistent with a previous report (de Folter et al., 2005) . The KC and IK domains formed interactions with the full length SEP3. The IK domain, close to the SEP3C construct, showed a weak but positive signal for the homo-interaction, which was consistent with the in vitro expression assay. However, the lack of interaction with any region was indicative of the unexpected appearance of the IKC motif. Although it was unclear why IKC lacked interactions, the Y2H experiments results still suggested that the K domain outlines the core part of SEP3 tetramer formation. This is similar to many MADSbox proteins where the K domain mediates the internal complex formation (Yang and Jack, 2004; Leseberg et al., 2008) . Recent crystal structure results revealed that four K domains were assembled together through their second helices, and the first helices made the dimer only (Puranik et al., 2014) .
In the Y2H experimental assay, the MI motif did not associate with any region. This result, together with the in vitro expression assay, suggests that the MADS-box M region is dispensable for tetrameric formation. In another words, the tetramer is not induced by DNA binding. The Y2H experimental assay results also indicated that the C-terminal region was also not involved in the complex formation. This region is generally responsible for hetero-complex formation between different MADS-box proteins (Su et al., 2008; Immink et al., 2009) . Therefore, the results suggest that the SEP3 C-terminus might be the glue that connects other proteins. Thus, deletion of the C-terminus amino acids will not change the oligomeric status, and the observed tetrameric property of SEP3B and SEP3C is intrinsic to the SEP3 homo-complex. However, a dimer complex was observed in the crystallized construct (75 -178 aa) (Puranik et al., 2014) , but not in SEP3C aa, Figure 2 ). This implies that residues between 178 and 190 contribute to tetramer stabilization.
In short, our analysis demonstrated that SEP3 form homo-tetramers, mainly through K domain association. Neither the DNA-binding MADS-box nor the C-terminal region is required for the polymer formation. It is possible that the tetramer shape a platform to support the roles of Nand C-terminal domains in the development of flower meristem. 
